This paper presents a detailed kinematic and chemical analysis of 16 members of the Kapteyn moving group. The group does not appear to be chemically homogenous. However, the kinematics and the chemical abundance patterns seen in 14 of the stars in this group are similar to those observed in the well-studied cluster, ω Centauri. Some members of this moving group may be remnants of the tidal debris of ω Cen, left in the Galactic disk during the merger event which deposited ω Cen into the Milky Way.
Introduction
The idea of hierarchical galaxy formation, in which galaxies are believed to form from the aggregation of smaller elements (see review by Freeman & Bland-Hawthorn (2002) ), has been around since Searle & Zinn (1978) first proposed this theory as a challenge to the belief that galaxies formed through the smooth collapse of a large protocloud (Eggen et al. 1962) . The identification of debris from these smaller fragments remains of utmost importance in modern studies of theoretical and observational stellar dynamics.
The most massive Galactic globular cluster, ω Cen, has several unique physical properties which suggest that there are very significant differences in star formation histories, enrichment processes and structure formation between ω Cen and other normal globular clusters (Bekki & Freeman 2003) .
A commonly accepted scenario of formation of ω Cen is that it is the surviving nucleus of an ancient dwarf galaxy, the outer envelope of which was entirely removed by tidal stripping as it was accreted by the Galaxy (Bekki & Freeman (2003) and references therein). Through numerical simulations, Bekki & Freeman (2003) demonstrated the dynamical feasibility of ω Cen forming from an ancient nucleated dwarf galaxy which was accreted into the young Galactic disk. Meza et al. (2005) used numerical simulations to investigate the characteristics of tidal debris from satellite galaxies. They showed that these satellites deposit a large fraction of their stars into either the disc component of the Milky Way or into the halo, showing distinct "trails" in the angular momentum -energy plane, depending on the plane of the satellite's orbit during disruption. Meza et al. discussed the presence of the ω Cen stellar moving group (i.e. the stellar debris) in two studies of metal-poor stars in the solar neighbourhood, those of Beers et al. (2000) and Gratton et al. (2003) . Figure 1 (taken from Meza et al. (2005) ) shows how the ω Cen group is distinguished in the angular momentum distribution for the Gratton et al. (2003) sample. In both this sample and the Beers et al. (2000) sample, the ω Cen group appears as an over-density of stars at very specific rotational velocity or angular momentum values. The radial (U) velocities for the ω Cen candidate stars are observed to have a symmetric distribution, ranging from -300 to 300 km s −1 . An earlier simulation by Bekki & Freeman (2003) of the accretion of the ω Cen parent galaxy showed a strong plume of debris stars in the solar neighborhood with L z near −500 kpc km s −1 . See also the discussion by Mizutani et al. (2003) on the kinematics of tidal debris from the parent galaxy. Dinescu (2002) also provided a theoretical prediction of where the ω Cen group would appear kinematically using the metal-poor star sample of Beers et al. (2000) . Figure 2 shows the angular momentum -energy plane, in which the shaded zone represents the area where expected ω Cen candidate stars would lie. Dinescu defines this region by assessing three globular clusters (ω Cen, NGC 362 and NGC 6779) that are believed to have come from the same original parent galaxy, and argues that their distribution may define the area in which further candidate remnants could lie. This region covers a large interval of energy over an angular momentum range from about L z = -200 to -600 kpc km s −1 .
We have recently investigated the chemical properties of stars in the Kapteyn moving group, first introduced by Eggen (1962) . The stars of the Kapteyn group, as most recently tabulated by Eggen (1996) , are mostly metal-poor and in retrograde galactic orbits, so they were identified as a halo moving group. Moving stellar groups can originate in several ways. Some form from a common gas cloud. As the resulting cluster disperses, its stars dissolve into the Galactic background yet maintain some common kinematical identity which may be used to identify members of a particular stellar group. Such moving groups represent a transition between bound clusters and field stars, and are probably chemically homogeneous (see De Silva et al. (2007) and references therein). Other moving groups appear to result from resonances in the galactic disk (eg Dehnen (1998) ), and others possibly as the debris of accreted and disrupted dwarf galaxies (Navarro et al. 2004 ). We were interested to see whether the Kapteyn group members were chemically similar, because this would be a pointer to the group's origin. It turned out that some of the group stars show chemical peculiarities similar to those seen in ω Cen, and we will argue that the Kapteyn group may be part of the ω Cen debris.
Concentrations of metal-poor stars at L z values near those of ω Cen and the Kapteyn group have appeared in several recent studies. Dettbarn et al. (2007) investigated substructure in a sample of stars with [Fe/H]< −1 from the Beers et al (2000) catalog and identified a structure (their feature K) which appears to be related to the Kapteyn star group. The study of 246 metal-poor stars with accurate kinematics by Morrison et al. (2009) also showed a substantial number of stars at weakly retrograde values of L z , similar to that of ω Cen. Klement et al. (2009) find evidence of Kapteyn stream stars in their study of halo streams from the SDSS DR7. This paper presents a kinematic and chemical analysis of 17 members of the Kapteyn moving group. Section 2 presents a kinematic analysis of the group. In Section 3 the observations and reduction procedures are outlined, and Section 4 gives the details of the chemical abundance study. The summary and conclusions are given in Section 5.
Kinematic Analysis
The initial 17 stars for this study were taken from Eggen (1996) , which presents 33 Kapteyn group members. All non-binary southern sky members of the Kapteyn group were observed, except for the hottest candidates, defined as (B-V) Eggen < 0.40, which would have had few lines for analysis and the coolest stars, defined as (B-V) Eggen > 0.95, in which molecular features makes abundance analysis difficult. Table 1 shows the basic kinematic data for each star. The proper motions are taken from the Hipparcos catalogue, radial velocities are taken from various sources (see notes to Table 1 ) and distances are taken from the Beers et al. (2000) catalogue. Three stars in this sample were not in the Beers et al. catalogue. For two of these stars, we used the method of Beers et al. 2000 to obtain distances consistent with those in the catalogue. The distances for G 18-54 and G 24-3 were found using
taken from Beers et al. (2000) , using (B-V)=0.47 and 0.45 respectively (Eggen 1996) . This equation holds for all dwarf stars and was used to correspond to the dwarf gravities found for these stars via spectroscopic analysis (see Section 4 for details). The star BD -13 3834 was discarded from the sample due to the inability to obtain a reliable model atmosphere for this star (discussed further in Section 4). This, in turn, meant a reliable distance could not be found for this star, rendering any kinematics obtained for this object essentially meaningless. The remainder of the analysis was undertaken on only 16 stars.
In order to study the kinematics of this moving group, space motions were calculated using the parameters listed in Table 1 . The U velocity is defined as positive toward the Galactic anti-center. The U, V and W velocities were corrected for the solar motion of (U, V, W) sun = (-10.0, +5.2, +7.2 km s −1 ) from Dehnen (1998) , and are shown in Table 2 . For consistency with the work of Dinescu et al. (1999) , the energy and angular momentum were calculated using their adopted potential. This is based on the Paczynski (1990) Galactic model with an additional offset of Φ o =-12.3 x 10 4 , introduced in order to set the escape velocity at R = 8.0 kpc to be 500 km s −1 . The potentials used for the bulge, disk and dark halo are shown in Equations 3, 4 and 5 respectively.
(1)
The bulge and disk are modeled as modified Plummer potentials, as introduced by Miyamoto & Nagai (1975) , while the dark halo is modeled as a logarithmic potential. The constants used in each Galactic model potential are given in Table 3 . The resulting energy E and angular momentum L z for each star in the sample are also given in Table 2 . The Lindblad diagram (E vs L z ) was constructed, including our stars, stars from the Beers et al. catalog and the cluster ω Cen itself (see Table 4 ), to investigate whether there is any kinematic connection between ω Cen and the Kapteyn group. It was already evident that the E,L z values for the Kapteyn group stars lie in the same retrograde region of the Lindblad diagram as ω Cen. The errors on E and L z will be highly correlated for some stars, because both are dependent on distance. We ran Monte Carlo simulations for each star to estimate the error distributions of the derived E, L z values. Errors adopted for V rad , µ α and µ δ were those quoted in the various sources for each star. Errors on distance were set at 20%, consistent with the error estimates on distance in the Beers et al. (2000) catalog. For each star, 1000 values were drawn from Gaussian probability distributions for V rad , µ α , µ δ and distance d, with σ values for each equal to the errors discussed above. These values were then propagated through the calculation of U, V, W, E and L z to obtain a probability distribution of these derived quantities for each star. These probability distributions show how tightly confined the stars are on the Lindblad diagram and, consequently, how likely the stars are to be kinematically related to ω Cen. Table 2 gives the space velocities U,V,W and their error, the angular momentum L z and the energy E for all stars in our sample. These stars were originally selected by Eggen (1996) because of their tightly confined range of V velocities, lying between V = −275 to −300 km s −1 . However, with modern parallaxes, radial velocities and proper motions, we find that Eggen's Kapteyn group members in our study are still mostly in retrograde orbits but occupy a more extended area of phase-space than he found, with V values lying in a much larger range between V = −115 to −368 km s −1 . All stars in the sample show U values well within the range observed for the ω Cen candidate stars in the Meza et al. (2005) The Lindblad diagram is shown in Figure 3 for the Kapteyn group stars and several other samples. The large solid circles are for the retrograde Kapteyn group stars (given in Table 2 ). These stars appear again in Figure 4 : the elongated cloud of smaller coloured points around each solid circle show the outcome of the Monte Carlo simulations discussed above. The points outline the 1−σ or 68% confidence level for each Kapteyn group star. The clouds of Monte Carlo points are plotted in different colors to provide some clarity between the different stars and their uncertainties. As expected, the errors in L z and E are highly correlated. The open red star is for ω Cen, using the parameters given in Table 4 . The total uncertainties from a Monte Carlo simulation using errors in V rad , µ α , µ δ and distance for Omega Cen's parameters are smaller than the starred symbol. The smaller green circles are stars from the Beers et al. catalogue, with an [Fe/H] filter applied to cover −2.5 < [Fe/H < −0.5, the abundance range observed in ω Cen. The region in which Dinescu (2002) suggested that candidate stars from Omega Cen's host galaxy could lie is outlined by the dashed line (discussed in more detail in Section 1). This range depends on the adopted velocity of the Local Standard of Rest (taken here to be 220 km s −1 . The dotted lines indicate the Dinescu range using extreme values of the LSR velocity of 190 km s −1 (Olling & Merrifield 2000 ) and 250 km s −1 (Reid et al. 2009 ). The arrow indicating L z = −510 kpc km s −1 is the L z value of Kapteyn's star using original values from Eggen (1996) . The solid curves near the bottom of the figure show the prograde and retrograde circular orbit loci for the adopted potential. , defined by three of the Gratton peak stars and a number of the Beers stars (see Figure 3 ). The appearance of these bands is accentuated by the correlated errors on E and L z , and will be discussed further in Section 5. Figure 3 shows that nine of the Kapteyn stars lie within the box covering the Dinescu et al. region of ω Cen candidates. Within the 1-σ uncertainties, this number increases to 12 members of the Kapteyn group. There are four prograde stars in the Kaptyen sample. Two of these stars lie such that the ends of their 1-σ distribution fall near the extreme of the ω Cen region, leaving only two stars (HD13979 and CD -30 1121) which are clearly separate from the ω Cen candidate region.
Kinematics Results
In the following discussion, the 16 Kapteyn stars are partitioned into two groups. From Figure 4 , fourteen stars are taken as kinematically associated with ω Cen and are displayed as red filled squares, while two of the stars are likely to have no kinematic connection to ω Cen debris and are plotted as black open circles.
Observations and Reduction
Observations were taken with the echelle spectrograph on the 2.3m telescope at Siding Springs Observatory, Australia, over the period 2006 July to 2007 August. Complete wavelength coverage from 4120 to 6920Å was achieved, with a resolution of about 25,000 and an average signal to noise of per resolution element of about 70. Bias frames, quartz lamp exposures for flat-fielding and Th-Ar exposures for wavelength-calibration were all included in the observing runs. Radial velocity standards were also observed at the beginning and end of each night. The data were reduced using standard IRAF routines in the packages imred, echelle and ccdred with no deviation from the normal reduction procedures.
Abundance Analysis
Both photometric and spectroscopic atmospheric parameters were derived for each star. Photometric temperatures were derived via the Alonso (1999) calibration with V-K using V magnitudes from Eggen (1996) and K magnitudes from the 2MASS catalogue 1 . Photometric gravities were found via absolute magnitudes and bolometric correction calibrations provided by Alonso et al. (1996) and Alonso et al. (1999) using the standard relationship shown in Equation 6 and assuming a mass for these stars of 0.8M ⊙ .
Measured equivalent widths of both Fe I and Fe II lines were used to derive spectroscopic temperatures and gravities. The usual comparison between excitation potential and derived abundance was made to determine effective temperature while the balance between abundances derived from neutral and ionised iron lines was used to refine the gravity of the star. The microturbulent velocity was obtained by measuring Fe I lines and ensuring that the derived abundances be independent of equivalent width. Figure 5 shows the agreement between spectroscopic and photometric temperatures derived.
With two exceptions, the photometric and spectroscopic temperatures differed by less than 200K, while photometric and spectroscopic gravities differed by less than 0.50 dex. Atmospheric parameters obtained spectroscopically, which were used throughout this analysis, are shown in Table 5 for each of the sample stars. The atmospheric parameters derived via spectroscopic analysis were adopted instead of the photometric ones for consistency, because the abundance analysis uses spectroscopic data. In the case of one star, BD -13 3834, a reliable model atmosphere could not be found. While the spectroscopic and photometric effective temperatures agreed to within 250K, the disagreement between the log g values was 1.3 dex. This was considered too large a disagreement to make either value reliable and so this star was discarded from the sample.
The estimated errors on T eff are taken from the largest difference found between spectroscopic and photometric values. The errors on log g are found from either the largest difference between spectroscopic and photometric values or the uncertainties on the observables of M v and BC v , whichever is larger. The errors on χ are taken to be constant for all stars. Typically, the errors are about ∆T eff =150K, ∆ log g = 0.2 dex and ∆χ = 0.25 km s −1 . The effect of these uncertainties on derived abundances is discussed further in Section 4.1. All abundances were obtained via the method of spectrum synthesis using the MOOG code (Sneden 1973 ) using Anders & Grevesse (1989) solar abundances. The analysis for these stars included atomic line lists from Kurucz 2 with refined oscillator strengths for all lines via a reverse solar analysis using the Kitt Peak solar spectrum 3 . The Na D lines were used to obtain the sodium abundance. In metal-poors stars, such as these, these lines do not saturate and provide a reliable estimate of the sodium abundance. The spectrum synthesis program used (MOOG) has an option to deal with strong lines separately during the analysis. Hyperfine splitting components were taken into account for the Na D lines and lines of both Cu and Ba. This reverse solar analysis was done with a solar model of T eff =5770K and log g=4.44.
Uncertainties on derived abundances
As well as error introduced by uncertainty in continuum placement, which is always minimised as much as possible, there are three main sources of uncertainty in these derived abundances. The largest source of uncertainty is the spread in derived abundances from multiple lines of the same element. Although in theory this should be small, different lines of the same element can give abundances differing by as much as 0.2 dex. This can be due to incorrect log gf values, although in this study a reverse analysis using the sun was done for all elements to reduce this problem (see earlier in Section 4 for more details). Non-LTE effects, blending and data quality problems can also contribute. This dominant error contribution is tabulated as the σ value in Table 7 . Where abundances are obtained from only one line (as for Zr and occasionally other elements), the σ value is the uncertainty from a single line measurement, as discussed below. The second source of uncertainty is the accuracy with which is is possible to determine an abundance from any particular line. This uncertainty can vary depending on line strength, blending and crowding in the region, and the overall quality of the data. In this study, this error contribution is estimated to be no more than about 0.1 dex. The third source of uncertainty is the difference in abundances obtained using different atmospheric parameters in the stellar models. This depends on how well the atmospheric parameters can be constrained. Table 8 shows the dependence of derived abundances on the chosen atmospheric parameters. These values were obtained by choosing equivalent width values which gave abundances representative of those obtained via spectrum synthesis and then running an abundance analysis on these equivalent widths with four different models, with ∆T eff =-200K, ∆log g=-0.3 and ∆ν=-0.30km s −1 . These ∆ values represent slightly higher uncertainties on the atmospheric parameters than the ones estimated in this study (see Table 5 ). It can be seen that atmospheric parameters influence different lines, stressing the importance of ascertaining the correct model atmosphere at the outset.
Abundance Results
Four stars in the current sample have been previously analysed for abundances by studies cited in this paper. A brief summary of agreement is given here as a consistency check. One star in our sample, HD 181743, is in common with the Gratton et al. (2003) sample. The effective temperature differed by only 82K, but the log g values showed a larger difference of 1.05. All abundance values, including [Fe/H], differed by less than 0.2 dex, within the quoted errors of this study and the Gratton et al study. Another of the stars in the Kapteyn group, HD 111721, was previously studied by Fulbright (2000) , and is included in the list of stars compiled by Venn et al. (2004) . For this star the differences in adopted atmospheric model between this study and Fulbright (2000) was only 175K in effective temperature, 0.3 in gravity and 0.06 in [Fe/H] . Within uncertainty, all abundance determinations for Na, Mg, Ca, Zr and Ba for this star agreed with Fulbright's values, with no value differing by more than 0.15 dex. Two more stars, HD 13979 and HD 186478, were also studied by Burris et al. (2000) , which is again included in the Venn et al. (2004) compilation, and abundances for the s-process elements were derived. The abundances obtained for Zr and Ba in this study agree with those of Burris et al. (2000) to within 0.02 for HD 186478, although the discrepancies are larger for HD 13979, with differences around 0.3 dex. A reason for this is not obvious, as the atmospheric model adopted differed by only 25K in effective temperature and 0.2 in gravity. Table 7 . The errors quoted are either the spread in derived abundances from different lines, or set to a standard value of 0.1 dex, representing the uncertainty in any individual measurement, whichever is the larger. First we compare the abundances in ω Cen and in the field halo stars. Then we compare the Kapteyn group abundances with those in the cluster and the field halo, in order to ascertain whether the Kapteyn group stars show the abundance patterns of either of these two populations. The Na abundance in Figure 7a show a clear separation between the ω Cen studies (magenta filled triangles) and the halo stars (green open circles), although this distinction is not so clear for Mg. For Ca, there is separation in the more metal-rich regime ([Fe/H]> −1.5) with the distinction becoming less for more metal-poor stars. In Figure 8a the light s-process elements show show a marked difference between the abundances observed in ω Cen and the field halo stars, with ω Cen showing a strong relative enhancement in the light s-process elements. In Figure 8b , an even larger difference in Ba abundance is evident, with ω Cen showing a spread in Ba abundance from [Ba/Fe]=+1.0 to -0.4 over a range of metallicities . Again, as for Ca, this distinction becomes less at [Fe/H] near -1.7, where the separation is less and the two populations appear to overlap more. From these two figures it seems clear that there is a distinct difference between the Kapteyn stars believed to be kinematically related to ω Cen (red filled squares) and those that appear to be prograde field stars (black open circles). The prograde members of the Kapteyn sample show abundances that are consistent with being part of either the thick disk or halo populations.
The main point of interest here is that the Kapteyn stars which appear to be kinematically related to ω Cen in Figure 3 (red filled squares) share distinct abundance similarities with those stars from previous ω Cen studies (magenta filled triangles). The abundances for the potential ω Cen candidates among the Kapteyn stars could be drawn from the same abundance distribution as the ω Cen stars, although we note that there is much more scatter in the abundance distributions for most elements in the ω Cen stars. This larger scatter may be several causes: difference in the two studies making up this sample (Norris & Da Costa (1995) and Smith et al. (2000) ); a genuine scatter in the abundances observed in ω Cen stars; or a combination of a genuine scatter and observational uncertainties. Whatever the reason for this large scatter in the cluster star abundances, it seems clear that the Kapteyn candidates show abundance anomalies relative to the field halo which are similar to those shown by the stars of ω Cen. The similarities between the Kapteyn candidates and the ω Cen stars, relative to the field halo, are clearest in Na, Mg and the s-elements.
Although the copper abundance was derived for only five of the stars in our sample, the results are worth mentioning. ω Cen is known for its unique copper signature. At a constant value of [Cu/Fe] ∼ −0.6, it is distinct from the halo stars in the same metallicity range, which show an increase with metallicity up to [Cu/Fe] = -0.3 as discussed by Smith et al. (2000) . Of the four stars for which copper was measured in our sample, all show deficiencies, with [Cu/Fe] values between -0.47 and -0.60. This adds weight to the case that this group of stars come from the same population as ω Cen. Copper was also detected in a fifth star, CD -30.1121, which is not believed to be kinematically linked to ω Cen. The copper value in this star was found to be [Cu/Fe] = -0.7. Copper has been seen to decrease sharply with metallicity among field halo stars, as shown in Sneden et al. (1991) . With a metallicity of [Fe/H] = -1.69, the copper value seen in CD -30.1121 is consistent with the field halo star trend seen in copper and the observed low copper does not necessarily exclude it as a field halo star, as the kinematics suggest.
Statistical Analysis
Statistical tests were undertaken on the abundance distributions to determine the likelihood that the three groups of stars (Kapteyn group, ω Cen and the halo) come from the same population. The ω Cen group consisted of stars from the Norris & Da Costa (1995) and Smith et al. (2000) studies and includes the stars from Gratton et al. (2003) only for elements in common with this study, Na, Mg and Ca. The halo group is taken from the Venn et al. (2004) compilation and is defined as being any halo population star that falls within the plausible range of [Fe/H] values for ω Cen as seen in Figure 6 , that is [Fe/H] = -0.5 to -2.5. However, for completion, halo stars outside these values, while not included in the statistical analysis, are included in the abundance plots. Table 9 shows the mean, standard deviation σ and standard deviation of the mean σ mean , as defined by σ mean =σ/ √ N where N is the number of stars in each sample, also given in Table 9 . Figure 9 shows this information graphically for the five elements studied, with the Kapteyn group again shown as filled red squares, the ω Cen stars as filled magenta triangles and the field halo stars as open green circles. It is evident from this figure that in all elements, except Ca and to a lesser extent Mg, the field halo stars are chemically distinct from ω Cen. It is also clear that, except for Ca, the Kapteyn group and ω Cen populations overlap in [X/Fe].
It should be noted that results from a very recent study of 66 red giant stars in ω Cen by Johnson et al. (2009) These results strongly overlap with the previous studies of ω Cen stars used as a comparison with the Kapteyn group stars in this study.
A parametric t-test and a non-parametric Kolmogorov-Smirnov test were performed on the abundance distributions. The results are shown in Tables 10 and 11 respectively. In these tests, a small P value means that the two populations are distinct. We adopted the standard criterion that P< 0.05 is needed to reject the null hypothesis. The tables show that both the parametric and non-parametric test gave the same results. Tests in which the P value satisfied the requirement are shown in bold, indicating that the two populations compared are statistically different. ω Cen and the halo were seen to be distinct separate populations in all of the five element distributions, in both tests. The Kapteyn group and the halo were statistically different in [Na/Fe] Figure 8b differ slightly, there is enough overlap in the two groups for this overlap to be statistically significant and the statistical analysis suggests these two distributions can come from the same population. There appear to be only two Ba enhanced stars in the Kapteyn group sample, although both are seen at values consistent with Ba enhancements seen in ω Cen stars. The apparent lack of Ba enhanced stars in the Kapteyn group may be due to a small sample size of only 16 stars.
Together with Figures 7 and 9, these statistical tests show that [Ca/Fe] does not differ enough between the populations to give reliable discrimination. The [Ca/Fe] relationship in Figure 7 is tight and all populations overlap. However, the difference seen in the remaining four elements provide enough information to show that the field halo stars are different from both the Kapteyn stars and the ω Cen stars and that the Kapteyn group stars are chemically similar to those in ω Cen.
Discussion and Conclusion
The kinematic and abundance analysis in this study suggests that at least our 14 members of the Kapteyn group and potentially many more stars in retrograde orbits which were not observed in this study, could be remnants of tidal debris stripped from the parent galaxy of ω Cen, or even from the cluster itself, during its merger with the Galaxy.
Our study provides the first detailed chemical evidence of field stars that appear to be both kinematically and chemically related to ω Cen. It may lend weight to the view that ω Cen is the remnant nucleus of a disrupted dwarf galaxy which was accreted by the Milky Way, by providing chemical evidence of tidal debris among the Galactic field stars.
The three-banded structure seen in the Lindblad diagrams of Figures 3 and described in Section 2.1 may be indicative of stars shed with different energies from different wraps of the decaying orbit of the parent galaxy around the Milky Way. The reader is referred to Figure 6 in Meza et al. (2005) which shows several distinct E-L z curves from their numerical simulations of merger debris. In this study there is currently no evidence for an abundance difference between stars of different wraps of the orbit. A study involving higher quality data and a larger number of stars from these wraps is underway. The presence of this banded structure, along with the present Galactic radius of ω Cen, suggest the original parent galaxy was relatively massive in order for dynamical friction to have the required effect, and was also relatively dense in order to survive the Galactic tidal stresses in to the current orbital radius of ω Cen.
What else can we infer about the parent galaxy? If our stars are debris from the parent galaxy, then the galactic metallicity-luminosity relationship and the mean metallicity of the sample ( [Fe/H] = −1.5) indicate that the parent galaxy's luminosity would have been about M V ∼ −11. Its luminosity would have been about 2 × 10 6 L ⊙ , and its stellar mass ∼ 4 × 10 6 M ⊙ . This stellar mass is comparable to the present stellar mass of ω Cen itself. The total mass of the parent galaxy could have been as high as 5 × 10 8 M ⊙ if it were a dwarf galaxy with a dark matter content similar to the Fornax dSph (e.g Walker et al. (2006)).
What are the chances of finding ω Cen debris stars in the solar neighborhood from such a low-mass galaxy? We can use the Meza et al. simulation as a guide, although a detailed comparison is not appropriate as these authors note, because their end-product galaxy is not like the Milky Way. In summary, the debris of their satellite is well mixed azimuthally by redshift 0.48, at least within 10 kpc radius from the center of their parent galaxy, and is confined to a disk-like layer. The satellite is disrupted in its last three perigalactic passages, leaving a significant amount of substructure in E and L z . We focus on the lowest L z substructure in their simulation, as a qualitative counterpart to the proposed ω Cen debris.
Most of our stars lie in a volume of radius ∼ 500 pc around the sun, and in a broad range of retrograde L z . For comparison, we can estimate the fraction of the Meza et al. debris which would lie within our 500 pc volume and within their lowest L z substructure: it is about 1.5 × 10 −4 . We could therefore expect to find about 700 debris stars in our volume and within the lowest angular momentum substructure, if we use the Meza et al. simulations as a guide and assume that the typical star in this population has a mass of about 0.8 M ⊙ . In the Dinescu region shown in Figure 3 , we have compiled a total of about 100 stars. Even if all of them turn out to be ω Cen debris stars, then this comparison may indicate that there are plenty more ω Cen debris stars to be found nearby.
We should also consider the possibility that the Kapteyn group stars were stripped from the cluster itself as its outer regions were disrupted by the Galactic tidal field. This would be the immediate inference from the the chemical similarity which we have demonstrated between the Kapteyn group stars and Cen stars. This seems unlikely, because the in-spiralling time under the influence of dynamical friction is in excess of the Hubble time for a cluster with the mass of ω Cen; also, we note that the Kapteyn group stars are significantly more energetic than the cluster itself. It seems likely that the group stars came from the body of the parent dwarf galaxy, and therefore that the chemical peculiarities of ω Cen are shared by its parent, and may well have originated in gas which was funneled into the cluster, possibly over an extended period, as suggested by Norris et al. (1997) . Detailed numerical models of the chemical and dynamical evolution of ω Cen as its galaxy loses mass in the Galactic tidal field are needed. shows the L z value for Kapteyn's star itself, using the original values from Eggen (1996) . The solid curves represent the circular orbit loci for this potential. Table 10 . The results of a parametric t-test on the means and standard deviations of the different populations from the Kapteyn group, the halo stars and previous Omega Cen studies. If the p-value is "small" (i.e. p< 0.05) then the two groups are considered to be from different populations. If p is larger than 0.05, the test is inconclusive. Those values shown in bold are the stellar groups that statistically appear to come from different populations. Table 11 . The results of a non-parametric Kolmogorov-Smirnov test on the different populations from the Kapteyn group, the halo stars and previous Omega Cen studies. If P is "small" (i.e. P < 0.05) then the two groups are considered to be from different populations. If P is larger than 0.05, the test is inconclusive. As for 
